Introduction
============

A wide variety of solid, artificial biomaterials are implanted in the human body for a range of different purposes and have made a significant contribution to medical progress. In the field of orthopedic surgery, biomaterials with particular mechanical characteristics are now being used more frequently and for a wide range of purposes, including prostheses and trauma plates/nails. However, one disadvantage with these biomaterials is that they provide a suitable site for bacterial colonization in implant-related infection.[@b1-ijn-8-3955]--[@b3-ijn-8-3955] When bacteria adhere to and proliferate on the biomaterial surface, they secrete mucopolysaccharides and form a biofilm. The biofilm that envelopes the bacteria protects them from the immune system and antibacterial agents, so implant-related infections are extremely difficult to treat. Although various methods of prevention have been devised, implant-related infections still occur today in 0.2%--17.3% of cases of prosthetic orthopedic surgery.[@b4-ijn-8-3955]--[@b6-ijn-8-3955] In addition to long-term antibiotic administration, many cases require surgery to remove and debride the implant and/or to implant a cement mold containing antibiotics to ameliorate the infection. Research into the problem of bacterial adhesion to biomaterials is therefore critically important from a clinical perspective.

Most implant-related infections are caused by the *Staphylococcus* species.[@b7-ijn-8-3955]--[@b10-ijn-8-3955]*Staphylococcus epidermidis*, one of the most commonly isolated bacterial pathogens, is particularly capable of adhering to and aggregating on biomaterial surfaces, and it can form biofilms on many different biomaterials.[@b10-ijn-8-3955],[@b11-ijn-8-3955] The process of bacterial adherence is generally thought to be governed by van der Waals interactions, such that the bacteria reach the surface of the artificial material by overcoming energy barriers, through electrostatic repulsion, and then form colonies by way of reversible/irreversible adhesion.[@b12-ijn-8-3955],[@b13-ijn-8-3955] Research has shown that polysaccharide intercellular adhesin (PIA) plays an important role in bacterial adhesion as well as in biofilm formation.[@b14-ijn-8-3955]--[@b17-ijn-8-3955] However, the exact mechanism of adhesion has yet to be determined because of the complex combination of numerous other factors related to the bacteria, the in vivo environment, and the artificial material involved.

The solid biomaterials used for clinical purposes are strictly regulated through standards, such as the International Organization for Standardization (ISO) and the American Society for Testing and Materials (ASTM). Biomaterials can be made of just a few kinds of standardized materials, depending on their application, including titanium, stainless steel, cobalt-chromium-molybdenum alloy (Co-Cr-Mo) and ultra-high-molecular-weight polyethylene. Oxinium is an oxidized zirconium-niobium alloy, commercialized as a new biomaterial in Japan in 2008. It is created by permeating the zirconium-niobium alloy with oxygen at a high temperature so that only a 5 μm surface layer is changed to zirconium ceramic. As a result, Oxinium has the characteristic of low abrasion on sliding surfaces, like a ceramic, and is strong like a metal. It also contains almost no toxic metals.[@b18-ijn-8-3955]

Steinberg et al reported differences in bacterial adhesion to two different material surfaces, titanium and titanium alloy.[@b19-ijn-8-3955] Recently, there have been a number of reports on the impact on bacterial adhesion of surface roughness, wettability, and other physical properties of the actual solid materials themselves.[@b20-ijn-8-3955]--[@b28-ijn-8-3955] However, most of this research has been on dental implants, on the basis of conditions found in the mouth.[@b25-ijn-8-3955]--[@b28-ijn-8-3955] There is little research into the adhesion of *S. epidermidis* to other medical materials used in clinical practice, and their results were mostly inconsistent. Olson et al investigated the adhesion of PIA-producing *S. epidermidis* on biomaterial surfaces and reported differences between the different types of material but did not discuss the causes or mechanisms involved.[@b17-ijn-8-3955] Ha et al reported a more extensive adherence ability of biofilm-forming *S. epidermidis* on a titanium alloy (Ti-6Al-4V) than on stainless steel and suggested this was the effect of the inherent characteristics and roughness of titanium but detailed values of roughness or wettability were not discussed.[@b29-ijn-8-3955]

In this in vitro study, we compared and investigated the ability of *S. epidermidis* to adhere to surfaces made of solid materials that are actually used in clinical practice -- Oxinium, Co-Cr-Mo, titanium alloy, commercially pure titanium, and stainless steel -- and that have a similar degree of smoothness, in order to eliminate any discrepancies due to the effect of surface roughness. We have found no previous research that focuses on the adherence capabilities of different biomaterials, including Oxinium.

Materials and methods
=====================

Specimen preparation
--------------------

We prepared circular specimens (12 mm in diameter, 6 mm thick) from Oxinium (ASTM F2384), Co-Cr-Mo (ASTM F75, high carbon), Ti-6Al-4V (ASTM F136), commercially pure titanium (CP-Ti) (ASTM F67), and stainless steel (ASTM F138). All the specimens were obtained from Smith & Nephew Orthopaedics Inc. (Memphis, TN, USA). The five kinds of test specimens were polished using a centrifugal barrel finishing process. This process involved the use of proprietary polishing compounds (trade secrets) for Oxinium, while a polishing cloth and diamond slurry (Maruto Instrument Co. Ltd., Tokyo, Japan; 1 μm particle diameter) was used for the other four materials.

Surface analysis
----------------

Micrographs of the surface of the specimen disks were obtained using a field emission scanning electron microscope (SEM) (JSM 6610LV; JEOL Ltd, Tokyo, Japan). The micrographs were taken at two randomly chosen areas on each specimen (one in a central position and one at 1--1.5 mm in from the outer edge). The surface morphology and roughness of the specimens were measured by means of a three-dimensional (3D) measuring laser microscope (OLS4000, Shimadzu Corp, Tokyo, Japan) with a cutoff value (λc) of 80 µm at room temperature. Three readings were made of each surface on three random samples, and the average roughness (Ra) and mean roughness profile depth (Rz) were used to characterize the roughness of the specimens. The initial contact angles of the surface of each specimen to deionized water (Milli-Q^®^; EMD Millipore, Billerica, MA, USA) were measured by the drop method, using an automated contact angle measurement device (DSA30; Krüss GmbH, Hamburg, Germany) at room temperature. On each of four randomly selected specimens, three drops of deionized water (2 μL) were analyzed (twelve measurements in total per product), and the left and the right contact angles of each drop were averaged.

Experimental design
-------------------

The *S. epidermidis* strain RP62A (American Type Culture Collection \[ATCC\]35984; American Type Culture Collection, Manassas, VA, USA) was cultured in Trypticase™ Soy Broth (TSB) (BD Biosciences, Franklin Lakes, NJ, USA) at 37°C for 6 hours to create a bacterial suspension of 7.5 × 10^7^ colony-forming units (CFU)/mL (logarithmic growth: optical density \[OD\] 600=0.2; pH 7.0). In this research, we only used a PIA-producing strain that was determined by reverse transcription polymerase chain reaction (RT-PCR) to be positive for the *ica-A* gene.[@b30-ijn-8-3955] Before the experimental procedure, all test specimens were sterilized by way of ultrasonic cleaning and steam autoclaving (121°C). Then, 2 μL of the bacterial suspension was dropped on the specimen, which was then placed at room temperature for 60 minutes. The specimens were then rinsed twice with phosphate-buffered saline (PBS) (Sigma-Aldrich Corp, St Louis, MO, USA), pH 7.0, to remove any unbound cells. The surface of three samples of each biomaterial were fixed with ethanol, stained with crystal violet, and imaged using a digital optical microscope (VHX-100; Keyence, Osaka, Japan). Other samples to be used to measure bacterial adhesion were transferred into sterile conical tubes (Falcon®; BD Biosciences, Franklin Lakes, NJ, USA) containing 5 mL of fresh TSB medium. The tubes were vortexed at full speed for 1 minute and then placed in an ultrasonic bath and sonicated for 15 minutes at 120 W, to release the attached cells from the biomaterial. After an additional vortex step, the specimen was taken out, and the bacterial separation from the surface of each specimen, on which no remaining attached bacteria were observed, was confirmed by digital optical microscope. The remaining suspensions were serially diluted with PBS and cultured at 37°C for 48 hours with a Compact Dry TC culture kit (Nissui Pharmaceutical Co, Ltd, Tokyo, Japan). The CFUs were counted to determine the number of viable adherent bacteria, and the bacterial density (CFU/mL) was calculated. The above procedure was performed twelve times for each material. As well as using uniform conditions for the bacteria, the five kinds of specimens were treated at the same time, and the experiments themselves were repeated using a uniform procedure to eliminate the effect of environmental factors.

Statistical analysis
--------------------

The means and standard deviations of the topographic parameters of the specimens (n=6), contact angles (n=12), and viable adherent bacteria densities (n=12) were analyzed for the different materials using SPSS 10.0 statistical software (SPSS Inc., Chicago, IL, USA). The statistical analysis was performed using one-way analysis of variance (ANOVA), multiple comparison tests, and the Tukey--Kramer and Bonferroni--Dunn multiple comparison tests for the post hoc analysis. The value of statistical significance was set at *P*\<0.05.

Results
=======

Field emission SEM images of the prepared surfaces of the disks are shown in [Figure 1](#f1-ijn-8-3955){ref-type="fig"}. Although there were some fine polishing microtraces and marks of diameter 10 to 200 μm homogeneously distributed over the sample, all the specimens were observed to be generally featureless, with a smooth surface topography. The numerous micropore- or coral-like structures of the Oxinium, seen at the standard detector SEM, indicated the difference in configuration between zirconium ceramic and zirconium-niobium alloy. The mean surface roughness parameters for each type of specimen are shown in [Table 1](#t1-ijn-8-3955){ref-type="table"}. Co-Cr-Mo (mean Ra =2.3 nm) and stainless steel (mean Ra =1.4 nm) had significantly smoother surfaces than the Oxinium (mean Ra =7.5 nm), Ti-6Al-4V (mean Ra =4.8 nm), and CP-Ti (mean Ra =5.4 nm). However, all the specimens had comparatively smooth surfaces and recorded a low average roughness (Ra \<10 nm). One-way ANOVA indicated significant differences in the water contact angles between the various materials. Post hoc analysis revealed the highest water contact angle was for Co-Cr-Mo, followed by stainless steel, CP-Ti, and Ti-6Al-4V Oxinium yielded the lowest water contact angle ([Table 2](#t2-ijn-8-3955){ref-type="table"}). Digital microscopic observations revealed bacteria of an aggregated and colonized appearance (small colonies) adhering to the surface of all the specimens ([Figure 2](#f2-ijn-8-3955){ref-type="fig"}). [Figure 3](#f3-ijn-8-3955){ref-type="fig"} shows the results of the adhesion of *S. epidermidis* to the various specimens. The viable adhered cell count (×10^5^/mL) was an average of 9.3 ± 3.0 for Oxinium, 9.1 ± 5.0 for Co-Cr-Mo, 13.5 ± 3.1 for Ti-6Al-4V, 16.7 ± 8.1 for CP-Ti, and 14.3 ± 2.9 for stainless steel. Therefore, the amounts of *S. epidermidis* that adhered to the Oxinium and Co-Cr-Mo specimens were significantly lower than the amounts that adhered to CP-Ti (*P*,0.01).

Discussion
==========

In this in vitro study, we compared the capabilities of PIA-positive *S. epidermidis*, the preeminent cause of implant-related infection, to adhere to five types of biomaterials, investigating substratum surface properties, such as surface roughness and wettability. By defining which characteristics are important in adherence to biomaterials, it may be possible to formulate prosthetic devices that are less susceptible to bacterial adherence and less prone to infection.

The results of this study indicated that the total amount of viable bacteria that adhered to CP-Ti (16.7 ± 8.1 × 10^5^/mL) was significantly higher than in the case of Oxinium (9.3 ± 3.0 × 105/mL) and Co-Cr-Mo (9.1 ± 5.0 × 10^5^/mL). It is possible that the more biocompatible CP-Ti provided a more favorable surface for bacterial adherence,[@b29-ijn-8-3955] whereas, it is also considered the Oxinium and Co-Cr-Mo surfaces prevented bacterial adhesion. Research has highlighted a particularly strong relationship between early bacterial adhesion and surface roughness;[@b25-ijn-8-3955]--[@b28-ijn-8-3955] however, more recent studies have reported that in vivo, surface roughness below a threshold amount (Ra =200 nm) does not affect bacterial adhesion.[@b31-ijn-8-3955],[@b32-ijn-8-3955] Although the extremely smooth surface of the Co-Cr-Mo (mean Ra =2.3 nm) used in this study could prevent bacterial adhesion compared with the CP-Ti (mean Ra =5.4 nm), it is difficult to say whether the difference in the mean roughness between the two materials (about 3 nm Ra) significantly affected the quantity of bacterial adhesion. In fact, the stainless steel, which had the lowest surface roughness (mean Ra =1.4 nm), showed a similar or higher degree of adhered *S. epidermidis* compared with Oxinium and Co-Cr-Mo (*P*\>0.05). It can be assumed that a surface roughness of less than 10 nm Ra has only a limited influence on *S. epidermidis* adherence.

Surface wettability (water contact angle) is another crucial element influencing bacterial adhesion.[@b21-ijn-8-3955],[@b23-ijn-8-3955],[@b26-ijn-8-3955] Boks et al reported that bond strengthening for four strains of *S. epidermidis* on a hydrophobic surface was fast and limited to a minor increase, while strengthening of the bonds on a hydrophilic surface increases significantly with contact time.[@b33-ijn-8-3955] As water molecules adjacent to a hydrophobic surface are not able to form hydrogen bonds with that surface (hydrophobic effect), bacterial adhesion to a hydrophobic specimen is brought about by an entropically favorable release of water molecules. The results of this research indicated that the amount of bacteria that adhered to the more hydrophobic Co-Cr-Mo surface was significantly less than that for the rather hydrophilic CP-Ti surface. Therefore, it is possible that the difference in bacterial adhesion is derived from the surface hydrophobicity However, Tegoulia and Cooper found that a hydrophilic surface provides a stable interfacial water layer and prevents direct contact between bacteria and the surface.[@b34-ijn-8-3955] Oxinium, the most hydrophilic surface, exhibited fewer adhered bacteria than CP-Ti, in the present study. These observations indicate that bacterial adhesion is a multifactorial phenomenon, and surface roughness or wettability is not the only or main material surface characteristic influencing *Staphylococcal* adherence. However, it may suffice to say that the relatively smooth, hydrophobic surface of the Co-Cr-Mo in our study affected bacterial adhesion. Needless to say, additional physicochemical characteristics might have some influence on these results. Further study is needed to refine these results.

Several in vitro and in vivo studies found low bacterial adhesion on zirconia ceramics, which is compositionally similar but not equal to Oxinium.[@b35-ijn-8-3955],[@b36-ijn-8-3955] Poortinga et al indicated that the change in substratum potential, is due to charge transfer between the substratum and the bacteria during adhesion.[@b37-ijn-8-3955] With Oxinium having a ceramic surface, it is possible that the electron transfer or electrical potential may have been different from that of the other four metallic biomaterials and prevented bacterial attachment.

Several limitations must be noted in interpreting the data. The present study focused in particular on the first adherence process, before the generation of a biofilm, with quantification of the bacterial adhesion to various implants after a short period of 60 minutes. This time period corresponds to the localized adhesion of bacteria and is commonly used in microbiologic experiments that are solely focused on the bacterial adhesion process.[@b38-ijn-8-3955] Since contamination during an operation is thought to be the main cause of implant-related infection, early adhesion ability is considered to be clinically important.

Other clinical strains of bacteria associated with implant-related infection do not necessarily show similar adhesion properties. Moreover, the pathogenesis of prosthetic device infections is a complex process involving interactions between the pathogen, the biomaterial, and the host. An in vitro study cannot account for host defense and other in vivo factors, such as temperature, flow condition, and nutrition. However, it was possible to make a simple comparison of bacterial adhesion capability on five kinds of material surfaces actually used in clinical practice. The results of our in vitro research suggest a lower adhesion of *S. epidermidis* to Oxinium and Co-Cr-Mo than to CP-Ti at a negligible roughness level. In subsequent research, we need to assess the detailed mechanisms of bacterial adhesion under more sophisticated conditions, involving other strains of bacteria. However, this study allowed greater control of the experimental variables and produced fewer artifacts in the results.

Conclusion
==========

We compared the adherence capability of *S. epidermidis* on the surfaces of five types of solid biomaterial. The amounts of bacteria that adhered to the biomaterial were significantly lower for Oxinium and Co-Cr-Mo than for CP-Ti.
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![SEM micrographs.\
**Notes:** The images show Oxinium (**A**), Co-Cr-Mo (**B**), Ti-6Al-4V (**C**), CP-Ti (**D**), and stainless steel (**E**). although a few polishing microtraces and marks were observed, all specimens had a generally featureless and smooth surface. Original magnification × 1000 (scale bar = 10 μ m).\
**Abbreviations:** Co-Cr-Mo, cobalt-chromium-molybdenum alloy; CP-Ti, commercially pure titanium; SEM, scanning electron microscope; Ti-6Al-4V, titanium alloy.](ijn-8-3955Fig1){#f1-ijn-8-3955}

![Digital optical micrographs.\
**Notes:** Bacteria stained with 0.5% crystal violet were observed on the surface of: Oxinium (**A**), Co-Cr-Mo (**B**), Ti-6Al-4V (**C**), CP-Ti (**D**), and stainless steel (**E**). Original magnification ×450 (scale bar =100 μm).\
**Abbreviations:** Co-Cr-Mo, cobalt-chromium-molybdenum alloy; CP-Ti, commercially pure titanium; Ti-6Al-4V, titanium alloy.](ijn-8-3955Fig2){#f2-ijn-8-3955}

![Viable adhered cell count of *Staphylococcus epidermidis* (×10^5^/ml).\
**Notes:** Mean and standard deviation are shown. \*\**P*\<0.01.\
**Abbreviations:** Co-Cr-Mo, cobalt-chromium-molybdenum alloy; CP-Ti, commercially pure titanium; Ti-6Al-4V, titanium alloy.](ijn-8-3955Fig3){#f3-ijn-8-3955}

###### 

Surface roughness

                    Roughness (nm)                                                                                                                              
  ----------------- ------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------
  Oxinium           7.5 ± 0.5[b](#tfn3-ijn-8-3955){ref-type="table-fn"},[c](#tfn4-ijn-8-3955){ref-type="table-fn"},[e](#tfn6-ijn-8-3955){ref-type="table-fn"}   49.5 ± 3.8[b](#tfn3-ijn-8-3955){ref-type="table-fn"},[e](#tfn6-ijn-8-3955){ref-type="table-fn"}
  Co-Cr-Mo          2.3 ± 0.5[a](#tfn2-ijn-8-3955){ref-type="table-fn"},[c](#tfn4-ijn-8-3955){ref-type="table-fn"},[d](#tfn5-ijn-8-3955){ref-type="table-fn"}   17.2 ± 7.5[a](#tfn2-ijn-8-3955){ref-type="table-fn"},[c](#tfn4-ijn-8-3955){ref-type="table-fn"},[d](#tfn5-ijn-8-3955){ref-type="table-fn"}
  Ti-6Al-4V         4.8 ± 1.9[a](#tfn2-ijn-8-3955){ref-type="table-fn"},[b](#tfn3-ijn-8-3955){ref-type="table-fn"},[e](#tfn6-ijn-8-3955){ref-type="table-fn"}   39.5 ± 16.4[b](#tfn3-ijn-8-3955){ref-type="table-fn"},[e](#tfn6-ijn-8-3955){ref-type="table-fn"}
  CP-Ti             5.4 ± 1.2[b](#tfn3-ijn-8-3955){ref-type="table-fn"},[e](#tfn6-ijn-8-3955){ref-type="table-fn"}                                              35.8 ± 7.8[b](#tfn3-ijn-8-3955){ref-type="table-fn"},[e](#tfn6-ijn-8-3955){ref-type="table-fn"}
  Stainless steel   1.4 ± 0.5[a](#tfn2-ijn-8-3955){ref-type="table-fn"},[c](#tfn4-ijn-8-3955){ref-type="table-fn"},[d](#tfn5-ijn-8-3955){ref-type="table-fn"}   10.0 ± 1.3[a](#tfn2-ijn-8-3955){ref-type="table-fn"},[c](#tfn4-ijn-8-3955){ref-type="table-fn"},[d](#tfn5-ijn-8-3955){ref-type="table-fn"}

**Notes:** Data were expressed as a mean ± SD.

*P*\<0.01 compared with Oxinium;

*P*\<0.01 compared with Co-Cr-Mo;

*P*\<0.01 compared with Ti-6Al-4V;

*P*\<0.01 compared with CP-Ti; and

*P*\<0.01 compared with stainless steel.

**Abbreviations:** Co-Cr-Mo, cobalt-chromium-molybdenum alloy; CP-Ti, commercially pure titanium; Ra, arithmetic mean of the departures of the roughness profile from the profile center line; Rz, average distance between the highest peak and the lowest valley; SD, standard deviation; Ti-6Al-4V, titanium alloy.

###### 

Contact angles of deionized water (degree)

  Oxinium                                                                                                                                         Co-Cr-Mo                                                                                                                                                                                    Ti-6AI-4V                                                                                                                                       CP-Ti                                                                                                                                          Stainless steel
  ----------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------
  **Contact angle (degree)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  73.9 ± 5.6[b](#tfn10-ijn-8-3955){ref-type="table-fn"},[d](#tfn12-ijn-8-3955){ref-type="table-fn"},[e](#tfn13-ijn-8-3955){ref-type="table-fn"}   104.1 ± 5.7[a](#tfn9-ijn-8-3955){ref-type="table-fn"},[c](#tfn11-ijn-8-3955){ref-type="table-fn"},[d](#tfn12-ijn-8-3955){ref-type="table-fn"},[e](#tfn13-ijn-8-3955){ref-type="table-fn"}   77.0 ± 5.3[b](#tfn10-ijn-8-3955){ref-type="table-fn"},[d](#tfn12-ijn-8-3955){ref-type="table-fn"},[e](#tfn13-ijn-8-3955){ref-type="table-fn"}   89.2 ± 7.1[a](#tfn9-ijn-8-3955){ref-type="table-fn"},[b](#tfn10-ijn-8-3955){ref-type="table-fn"},[c](#tfn11-ijn-8-3955){ref-type="table-fn"}   90.0 ± 2.3[a](#tfn9-ijn-8-3955){ref-type="table-fn"},[b](#tfn10-ijn-8-3955){ref-type="table-fn"},[c](#tfn11-ijn-8-3955){ref-type="table-fn"}

**Notes:** Data were expressed as a mean ± SD. A greater water contact angle means a more hydrophobic surface. Oxinium had the smallest water contact angle, indicating the most hydrophilic surface.

*P*\<0.01 compared with Oxinium;

*P*\<0.01 compared with Co-Cr-Mo;

*P*\<0.01 compared with Ti-6Al-4V;

*P*\<0.01 compared with CP-Ti;

*P*\<0.01 compared with stainless steel.

**Abbreviations:** Co-Cr-Mo, cobalt-chromium-molybdenum alloy; CP-Ti, commercially pure titanium; SD, standard deviation; Ti-6Al-4V, titanium alloy.
